Malignant pleural mesothelioma is a rare primary tumor rising from the pleura and is associated with exposure to asbestos fibers. Mesothelioma is a locally aggressive disease that usually presents at an advanced stage and has a median overall survival of 1 year. Treatment options rarely result in cure of disease and range from trimodality treatment, including chemotherapy, radiation, and surgery, to supportive care. In patients with limited local disease and good functional status, trimodality treatment with extra-pleural pneumonectomy, chemotherapy, and radiation is frequently employed. Best supportive care should be instituted for patients with metastatic disease and poor functional status. Palliative therapy focuses on control of pleural effusions with drainage techniques and pain with radiation therapy. Novel therapies are showing promise, including photodynamic therapy, immunotherapy, and molecular targeted therapy.
Introduction
Malignant pleural mesothelioma (MPM) is a rare primary tumor rising from the pleura. It is associated strongly with exposure to asbestos and erionite fibers, which were widely used in construction prior to the 1970s. Only 5% of exposed patients will proceed to develop the malignancy. However, the long latency period of 20 -40 years prior to the development of the disease explains the recent steady increase in incidence of new cases. This currently represents about 3000 new cases per year in the US, [1] and corresponds to the peak use of asbestos in the last century [2] [3] [4] . In 1989, the US Environmental Protection Agency banned most asbestos-containing products. The incidence of mesothelioma in the US is now leveling off while its incidence is increasing in some other countries. Mesothelioma is histologically classified into four groups: epithelioid, sarcomatoid, mixed, and desmoplastic [5] . Of these, the epithelioid variant has the best outcome, although this is only in relative terms. The median survival of a patient diagnosed with mesothelioma is reported in various databases from 8 to 13 months [6] [7] [8] .
Current Practice & Controversy
Patients with MPM frequently present with shortness of breath and associated pleural effusion. Mesothelioma is a locally aggressive disease; first presenting in one hemithorax, it progresses by traversing the diaphragm to involve the peritoneum, extending into the pericardium, and ultimately metastasizes systemically [9] . Workup and diagnosis should include biopsy for tissue confirmation of histologic subtype, which is best obtained by thoracoscopy. Any invasive procedure should be planned such that port sites may be excised at the time of thoracotomy. Current consensus guidelines from the International Mesothelioma Interest Group recommend complete pre-treatment staging, including surgical sampling of mediastinal lymph nodes, CT and/or PET scan, and MRI [10] .
Overview of Treatment Options
Today's accepted treatment options for patients suffering from MPM range from best supportive measure to trimodality treatment (TMT) including surgical resection with extrapleural pneumonectomy (EPP). Within this spectrum are the full range of options for palliation, including chemotherapy, radiotherapy, and surgery (other than EPP). As with virtually all other malignancies, these choices are determined by tumor stage, patient's functional status, and patient desires. In patients with limited local disease and good functional status, TMT with EPP, chemotherapy, and radiation is frequently employed.
Best supportive care should be instituted for patients with metastatic disease and poor functional status. The majority of their care is focused on control of symptoms and emotional support. Control of pleural effusions resulting in dyspnea is critical to palliate the patient. Talc pleurodesis maybe appropriate and can be performed at the time of thoracoscopic diagnosis. Alternatives include bedside talc or chemical pleurodesis via thoracostomy tube. In scenarios where the lung is trapped, tunneled pleural catheters can be considered to control the effusion and provide symptomatic relief [11] . For patients with pain as a primary symptom, radiotherapy can be delivered; however, pain control is frequently limited secondary to tumor progression and additional disease sites [12] .
Patients with a satisfactory functional status who undergo palliative chemotherapy were shown to have a prolonged survival. This approach is appropriate for patients who either choose non-radical therapy or are not candidates for a more aggressive strategy secondary to comorbidities or advanced stage tumor. Chemotherapy is also indicated as a single modality in patients with sarcomatoidhistology. The evidence supporting combinations of cisplatin and premetrexed/raltitrexed demonstrate improved survival and preservation of pulmonary function compared to cisplatin alone [13] . There are chemotherapy agents that can also be used as second-line therapy including pemetrexed (if not used first line), vinorelbine, and gemcitabine. However, when patients fail to respond, second-line therapy is often not recommended unless in the context of a clinical trial.
Primary radiation therapy has been employed for the treatment of mesothelioma alone. It is not presently recommended by any oncologic societies secondary to complications of non-target organs [14] . Side effects of hemi-thoracic radiation are not well tolerated and morbidity from this treatment precludes its use.
Palliative surgery typically includes treatment of entrapped lung for symptom palliation or total pleurectomy for local control. Most would argue against palliative surgery for entrapped lung secondary to high morbidity and poor long-term outcomes, particularly when alternative treatments, including the PleurX catheter (CareFusion), are available. Total pleurectomy, also known as pleurectomy/decortication (P/D), has been used with success to palliate symptoms. Further discussion of surgical options and the surrounding debates is detailed below.
Consensus guidelines have been published in recent years from organizations worldwide such as the National Comprehensive Cancer Network (NCCN) in the United States [15] , the British Thoracic Society (BTS) [16] , and the European Society of Medical Oncology (ESMO) [17] . For the purposes of this review, major society guidelines published within the past five years are examined, and a comparison is reported in Table 1 .
We now examine some of the important clinical trials that have been used to guide contemporary practice.
Induction Therapy/Chemotherapy
The current standard of care for induction therapy in mesothelioma is the combination of a platinum-based agent such as cisplatin or carboplatin with an antifolate such as pemetrexed. Vogelzang conducted a phase III trial which demonstrated that this combination was associated with an overall response rate of 41.3% when compared with cisplatin alone. Overall survival was improved from 9.3 months to 12.1 months [13] . When comparing carboplatin to cisplatin, the latter is more commonly associated with neutropenia whereas carboplatin is more likely to cause anemia and thrombocytopenia. Outcomes are otherwise similar suggesting that these therapies may be substituted depending on the particular clinical situation [18] .
In those patients whose performance status and comorbidities make them ineligible to undergo a surgical resection, the role of palliative chemotherapy has been evaluated. This question is challenging, and the data from a resulting phase III trial of active symptom control (ASC) versus ASC plus chemotherapy are not clear. Unfortunately, slow accrual and changes to trial design did not allow the primary endpoint to be analyzed; however, this study did demonstrate that overall survival is in the order of 7 -8 months for those patients who elect not to undergo chemotherapy [19] .
A major challenge in the management of mesothelioma is determination of treatment response. The Response Evaluation Criteria in Solid Tumors (RECIST) tool uses radiographic criteria to determine response or progression however a modification of this, which is based on CT dimensions of pleural thickness, is gaining traction as a means of standardizing this assessment [20, 21] .
Cytoreductive Surgery
Extraplerualpneumonectomy was first described in the context of multimodality therapy in the 1970s [22] . As a locally aggressive disease, it has been generally felt that Pemetrexed/Cisplatin, and ralitrexed/cisplatin are favored due to available data. Platinum based induction or adjuvant chemotherapy should be used in the setting of surgical management.
Radiation Therapy
Evaluation by radiation oncologist as part of a multidisciplinary team. RT is effective for both local control and symptom control in the palliative setting. It should be considered to prevent instrument-tract recurrence after pleural intervention even in the palliative setting. Dosimetry should be tailored but as a general rule should include the entire hemithorax, incisions and drain sites. 54Gy as first-line therapy. Doses over 60Gy may be considered for residual tumor.
Radiation plays an important role in the multidisciplinary management. Pain relief has been shown in half of patients, and radiation should also be considered for local complications such as SVC sundrome. Prophylactic radiotherapy should be used in patients with good performance status after invasive pleural procedures to reduce chest wall implantation.
No definitive recommendation for prophylactic RT due to conflicting data. RT should not be performed after P/D (1A), RT should be performed after EPP in specialized centers, as part of clinical trials, as a component of multimodality therapy (1A).
The role of definitiveRT is unclear; however, radiation has a role in palliation of pain and for prevention of obstructive symptoms. RT may be considered to improve local control after EPP.
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lioma [23] . However, in those centers with experience in the surgical management of mesothelioma, cytoreductive surgery plays an integral role as a component of TMT, especially in the context of clinical investigation [24] . The most aggressive approach is extrapleural pneumonectomy (EPP) which removes all of the lung parenchyma on the affected side, in addition to both visceral and parietal pleura, the pericardium, and diaphragm. Patch reconstruction of the diaphragm and pericardium is then undertaken. The advantage of this approach is the relative ease by which radiation therapy may be delivered to the ipsilateral hemithorax without concern for irradiating a lung.
The alternative surgical approach involves a procedure directed mainly at the pleura and malignant disease. The term pleurectomy and decortication is widely used in the literature; however, its precise application varies widely. Recently, calls for standardization of nomenclature have been made to facilitate future study and accurate followup [23] . Extended pleurectomy/decortication (EPD) involves removal of all of the parietal and visceral pleura and resection of the diaphragm and/or pericardium when involved with tumor. Pleurectomy/decortication (P/D) involves removal of pleural surfaces without removal of the diaphragm or pericardial resection. Finally, partial pleurectomy is a palliative or diagnostic procedure with known tumor left behind.
Although surgery has always held an important role in the overall treatment of mesothelioma, the available literature is conflicting and the debate continues. Attempts were made to establish a randomized control trial to answer this important question. The Mesothelioma and Radical Surgery (MARS) trial was designed to evaluate patients in a chemotherapy plus surgery arm versus a chemotherapy only arm. The initial trial, MARS I, was published after evaluating 50 patients [25] . This design of this trial was held in high regard and with expectations of helpful data to further management decisions. As a feasibility trial it was hoped to continue the study. However these early results were not promising, and a more extensive study under the MARS guidelines was not possible. These outcomes have fueled the debate over surgery further with proponents on both sides. Several important and very limiting issues were identified upon examining the MARS I trial [10] . In particular, not all patients in the surgery arm actually underwent a definitive operation, and 3 patients in the chemotherapy only arm underwent surgery outside the study protocol. Additionally, morbidity and mortality was higher than the reported literature, and chemotherapy use was not controlled. As such, this question has not been adequately addressed and requires further study. Nonetheless, the current recommendation of the International Mesothelioma Interest Group (IMIG) is that surgery should continue to play an important role when macroscopic complete resection is deemed achievable [10] .
Radiation Therapy
As the final component of TMT, radiation therapy is accepted as standard of care. Mesothelioma is felt to be poorly radiosensitive; however, in vivo results favor the use of directed therapy. In addition, modern techniques of radiation delivery, including intensity modulated radiation therapy (IMRT), allow for minimization of local and systemic toxicity. In general, radiation is well tolerated after EPP as the ipsilateral hemithorax, devoid of lung tissue, can tolerate high-dose therapy. Reports of conventional radiation after surgery demonstrate high rates of local control. In 2001, Rusch and colleagues reported the results of a phase II trial of surgery and highdose hemithoracic radiation. There were two locoregional failures in 54 patients and median survival was 17 months overall, with 33.8 months in stage I and II patients [26] . Results are less promising after pleurectomy decortication (P/D) as patients receive a reduced total radiation dose given the presence of intact lung [27] .
Novel Therapies
The specific biology of mesothelioma is still poorly understood. Multiple strategies are currently under investigation with a goal to improve understanding of this disease, patient survival, and treatment response. At the time of writing this review, the national clinical trials database (ClinicalTrials.gov) lists a total of 70 active and recruiting clinical trials designed to examine the effective of new therapies and treatment directions [28] .
Local Therapy
In addition to the standardization of surgical technique and approach, additional therapies are under investigation which show promise in the operating room.
Friedberg and colleagues describe a technique of using photodynamic therapy (PDT) at the time of surgery [29] . Patients receive a photosensitizing compound that causes local cytotoxic effects when activated by light of a particular frequency. The compound is administered to the patient preoperatively as a systemic intravenous infusion and after performing a pleurectomy/decortication, the pleural cavity is illuminated by laser light. Dilute intralipid is used as a diffracting medium, which permits a diffusion of the light throughout the chest cavity. To ensure standardized light delivery, light sensors are placed in the chest at pre-defined locations prior to therapy to ensure consistent and homogenous delivery. Initial results are promising. In 2012, the group reported their experience after treating 38 patients using these techniques. All paMalignant Pleural Mesothelioma: Treatment Options and Novel Therapies
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JCT 64 tients in this study underwent radical pleurectomy and intraoperative PDT, with a preoperative Stage III or IV disease in 97% of patients and 18% with nonepithelial histology. After stratifying by histology, median survival was 41.2 months in the epithelioid group and 6.8 months in the non-epithelioid group [30] . Similar to treatments attempted in the peritoneal cavity, intracavitary chemotherapy at the time of surgery has been described. The agent used in this setting is either cisplatin or carboplatin, and is delivered above body temperature. Potential advantages of this technique are the ability to deliver higher concentrations of active drug, with the possibility of less systemic effects due to local delivery. There are several groups with experience who have advanced this technique over the past several decades and continue to investigate its use [31, 32] . Survival advantages have been seen even in advanced disease with overall survival reported at up to 35 months in selected groups [33] . Ongoing studies are investigating the pharmacodynamics of intracavitary chemotherapy, systemic absorption, and the role of hyperthermia.
Systemic Therapy
Immunotherapy
Immunotherapy shows great promise in the treatment of MPM. Mesothelin is a cell-surface glycoprotein, which is strongly expressed by mesothelioma cells. As such, it makes an attractive target for immune therapies, which include monoclonal antibodies, immunotoxins, vaccines, and genetically engineered T-cells [34] .
SSP1 is a high-affinity antimesothelin mouse antibody conjugated to a Pseudomonas exotoxin. Initial trials used SSP1 both alone and in combination with other therapies and showed at least stable disease with partial response in many. Trials are ongoing with this agent, which show some promise [35] . One of the challenges of immunotherapy is the fact that SSP1 itself is immunogenic, and host response may limit drug delivery to the tumor. Another trial is investigating the pretreatment of patients with immunomodulators prior to SSP1 therapy to blunt the host immune response to the immunotoxin.
Other investigational agents, directed against mesothelin, that show promise include the monoclonal antibody MORAb-009 and the antibody-drug conjugates MDX-1382 and BAY 94-9343.
Disease specificity is a challenge shared by all of the immunotherapy agents. Mesothelin is a normal protein and is also expressed in low levels on normal mesothelial cells, which leads to so-called "on-target, off-tumor" effects. This may explain one of the side effects of pleuritis seen during treatment with these investigational agents. Further exploration of the biology of mesothelioma will hopefully yield new insights into novel targets that may be more disease specific.
Molecular Targeted Therapy
Molecular targeted therapy is a rapidly growing area of cancer researchas we understand more about the biologic pathways of tumorigenesis. As pathways are better understood, various mutations are identified. The key to development of a targeted therapy is the identification of a "driver mutation" or a key genetic mutation in the pathway that leads to the formation of a tumor. An example of this is the identification of the EML4-ALK fusion protein and the use of the ALK inhibitor, crizotinib, in non-small cell lung cancer [36] . Unfortunately, there are no mesothelioma specific driver mutations currently described although work is ongoing. Thus far, it appears that mesothelioma occurs largely due to loss of tumor suppressor genes rather than de-novo mutation and oncogene formation, and as such, "druggable" targets are elusive.
Despite this, a number of targeted agents have been tried empirically in mesothelioma patients. In particular, epidermal growth factor receptor (EGRF) targets and vascular endothelial growth factor (VEGF) targets were trialed, although results have been mixed [37] .
Conclusion
Mesothelioma is a rare tumor but an important clinical challenge. There are several exciting developments. However, in order to ensure continued progress, it is important to maintain the integrity of our clinical trials with standardized nomenclature, adherence to guidelines, and appropriate patient selection. Trimodality therapy will likely continue to be the preferred practice in centers with surgical experience; however, novel therapies in today's era of customized medicine show great promise. The best outcomes will be assured by tailoring a treatment plan specifically to each patient situation as it presents.
